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INTRODUCTION
Lateral distribution of the lipids in biological membranes is an active field of study due to its functional implications in many key cellular processes. However, it is very difficult to obtain reliable data on biological membranes due to their highly complex composition. Therefore, many investigators have chosen to study model membranes consisting of only a limited number of lipid species. Apart from the popular raft-model proposing the presence of nanoscopic domains enriched in sphingolipids and cholesterol in cellular membranes, 1 we and others have proposed that different lipids tend to adopt regular, superlattice (SL)-like lateral distributions in fluid bilayers and cellular membranes as well. [2] [3] [4] It is important to note that such regular arrangements should not be considered as permanent or rigid (as implied by drawn models), but rather similar to smectic A′-phases which are highly dynamic and lack long-range order. 5 Presumably, the tendency to adopt regular, SL-like distributions is mainly driven by repulsive steric or electrostatic interactions among similar molecules. 2 Intriguingly, the "critical" compositions predicted by the SL-model could play a crucial role in the lipid homeostasis of cellular membranes by providing "set-points" regulating homeostatic phospholipases and synthetic enzymes as well. 6 Evidence for SL-like distributions in phosphatidylcholine/phosphatidylethanolamine (PC/ PE) bilayers has been obtained previously by using fluorescence and FTIR spectroscopy. [7] [8] [9] [10] In the present study, we used differential scanning calorimetry (DSC) to study the lateral organization of the components in several PC/PE bilayers. Although several DSC studies have been carried out with PC/PE mixtures previously, [11] [12] [13] [14] [15] the data point composition density in these studies was low thus largely precluding the judgment of the presence of "critical" compositions indicative of SL formation. Accordingly, we varied the composition in very small increments (typically 1 mol%) and then plotted the transition temperature, relative enthalpy and 2-state transition enthalpy of the resolved transition peaks vs. PE mole fraction. Intriguingly, we observed many of the critical compositions predicted by the SL-model in a single PC/PE system, and virtually all of them in the four different PC/ PE systems combined.
MATERIALS AND METHODS

Materials
The 1,2-dimyristoyl-sn-glycero-3-PC (DMPC), 1,2-dipalmitoyl-sn-glycero-3-PC (DPPC), 1,2-distearoyl-sn-glycero-3-PE (DSPC), 1,2-dilauroyl-sn-glycero-3-PE (DLPE), 1,2-dimyristoyl-sn-glycero-3-PE (DMPE), 1,2-dipalmitoyl-sn-glycero-3-PE (DPPE), 1,2-distearoyl-sn-glycero-3-PE (DSPE) and 1,2-dielaidoyl-sn-glycero-3-PE (DEPE) species were obtained from Avanti Polar Lipids (Alabaster, Alabama) and were free of impurities as analyzed by thin-layer chromatography. The solvents (LC-grade) were obtained from Merck and the other chemicals from Sigma.
Preparation of multilamellar liposomes
Calculated amounts of PC and PE dissolved in chloroform/methanol (9:1, v/v) were pipetted with extra care to a glass tube using Hamilton precision syringes equipped with a Cheney adapter. The syringe was chosen based on the volume to be pipetted in order to obtain the accuracy of ± 1 % specified by the pipette manufacturer. This accuracy can also be obtained in practice as tested in our previous studies using mass-spectrometry and deuterium-labeled internal standards. 16 After evaporation of the solvent under a nitrogen stream at 35 -40 °C, the lipids were then dissolved in 0.5 ml of chloroform, and the solvent was again removed under a nitrogen steam at 60 °C. This protocol was used to prevent precipitation of PE before complete evaporation of the solvent, which can occur if methanol is present (unpublished data) as found previously for PC/cholesterol mixtures 17 . After evaporation of chloroform, the tubes were placed in high vacuum for 6 h to remove any residual solvent. Then 0.5 ml of Tris (10 mM) -EDTA (1 mM) -NaCl (50 mM) buffer, pH 7.0, was added, and the tubes were kept in a 70 °C water bath for 1 min, vortexed and moved to an ice-water bath for 3 min. This heating-cooling cycle was repeated 5 times, and the samples were subsequently stored at 4 °C in the dark.
DSC measurements
A high-sensitivity 6100 Nano II DSC instrument from Calorimetric Sciences (Lindon, Utah) was used to obtain sequential heating and cooling scans (0.5 °C/min) of samples containing 1 μmol of phospholipid. The scans were repeated for several samples in each set with essentially identical results. A limited set of samples was also analyzed using a heating rate of 0.05 °C/min.
The multiple 2-state transition model
A DSC apparatus measures the specific heat capacity C p (T) as a function of temperature T, i.e. the temperature derivative of the total excess molar heat capacity h(T) vs. T. 18 The multiple 2-state transition model assumes that the system has n independent transitions and that each of these multiple transitions is characterized by a separate and unique transition temperature (T i ) and an excess molar heat capacity h i (T) . If α i (T) denotes the fraction of molecules of the i th component that has completed the transition at the temperature T, the multiple 2-state transition model provides a relationship between h i (T) and α i (T): (1) where (2) Here R is the gas constant, ΔH 2S,i the 2-state transition enthalpy and ΔH i the enthalpy of the i th independent component. For each i th component, the multiple 2-state transiton model predicts that all molecules in a cooperative unit undergo the phase transition simultaneously, and thus ΔH 2S,i represents the collective enthalpy of one cooperative unit. The number of molecules in a cooperative unit (N c,i ) can be estimated by dividing ΔH 2S,i by ΔH i (Eq. 3). (3) The values of T i , ΔH 2S,i and ΔH i for each resolved component were obtained by fitting Eq. 1 to DSC data using nonlinear regression. Fig. 1S in Supporting Information demonstrates the dependence of the α i (T), C p (T) and N c,I with ΔH 2S,i using simulation. Since the absolute value of ΔH i depends on the quantity of lipid in the sample cell, which may vary slightly, we used a relative value ΔH Rel,i as defined by Eq. 4: (4) The chi-square value (χ 2 ) indicating the goodness of fit was determined from Eq. 5 (5) where y i and y p i are the i th experimental and predicted data points, respectively, while N is the total number of data points and ΔT the temperature increment.
Deconvolution of resolved thermodynamics parameters versus composition plots
A multiple Gaussian-option of the PeakFit software (Jandel Scientific, San Rafael, CA) was employed to deconvolute the resolved ΔH 2S,i or ΔH Rel,i according to the multiple 2-state transition model vs. X PE plots. A high frequency filter was applied to assist in fitting so that peaks that are defined by less than three data points were not included in the peak search procedure. 8 
SL-model
According to the SL-model the guest molecule can adopt either a hexagonal (HX), centered rectangular (CR) or rectangular (R) distribution in a host lattice of a hexagonal symmetry, and the allowed ("critical") compositions can be derived from simple geometrical principles. 2 For X PE < 0.5 (i.e. when PE is the guest and PC the host), the critical X PE 's for superlattices with a HX, CR or R symmetry are given by Eqs. 5-7: 10, 19 (5) (6) (7) When X PE > 0.5 (i.e. when PE is the host and PC is the guest), the critical X PE 's are given by Eqs. 8-10: (8) (9) (10) where a and b indicate the distance in lattice sites between two proximal guest molecules along the principal host lattice axes. 3 If the guests form pairs (dimers), the values of the critical X PE 's are twice those for monomeric guests (see Supporting Information).
RESULTS
Calorimetric behavior of PC/PE bilayers
DSC heating scans at a rate of 0.5°C/min were recorded for bilayers consisting of DMPC/ DLPE, DMPC/DMPE, DPPC/DMPC, DSPC/DMPE and DSPC/DEPE with X PE varying in 1 mol% increments. Representative scans for DMPC/DLPE bilayers are presented in Fig. 1 . For neat DMPC (X PE = 0), the peak temperature of the pre-(T p ) and main (T m ) transitions were found at 11.4 and 23.5 °C, respectively, in agreement with previous data. 20 When X PE was gradually increased to 0.30, T p increased steadily whereas T m remained relatively constant. The pretransition eventually disappeared or merged with the main transition at X PE of 0.30 -0.35, while the main transition became broader and eventually developed a pronounced shoulder. Above X PE of 0.40 the main transition narrowed again so that its width at X PE of 0.65 was similar to that at X PE of 0.20. DSC scans for DMPC/DMPE bilayers are presented in Figs. 2SA and 2SB in Supporting Information. The difference between the T m 's of the PC and PE components in the DMPC/PMPE system is the largest among the PC/PE systems in this study. A similar behavior of merging of T m /T p and broadening of the main transition was also detected. No significant and measurable phase separation was detected with the composition range reported in this study.
Additional cooling (0.5°C/min) and "slow" heating (0.05°C/min) scans were recorded for a limited number of samples of the different PC/PE mixtures. Fig. S3 in Supporting Information compares data for the heating, cooling and slow scans of DMPC/DLPC bilayers with X PE of 0.29 -0.38. In general, the shapes, locations and relative enthalpies of the transition components are very similar among the heating, cooling and slower scans for the same X PE . Notably, the lack of significant hysteresis between cooling and heating scans implies that the lateral organization of the bilayer resembles that in the gel and the liquidcrystalline states. The pretransition showed some hysteresis (e.g., for X PE = 0.29 T 1 was 2 0 °C in the cooling scan vs. ~ 23 °C in the heating scan), which is most probably due to the slowness of this transition. 21, 22 Since the main phase transition of PC/PE bilayers was often asymmetric and in some cases exhibited more than one peak as demonstrated in Table 1 summarizes the goodness of fit (χ 2 ) values and the parameters T i, ΔH 2S,i and ΔH Rel,i . When the pretransition was detectable (0 < X PE < 0.3), much better fits were obtained by assuming 3 rather than 2 components in total (Fig. 2 ). In the absence of the (visible) pretransition (i.e. X PE > 0.3), the 3-component model generally did not improve the fit as compared to the 2-component model ( Fig. 3 ), except in a few cases (e.g., χ 2 of 0.004 versus 0.014 for X PE = 0.70) as shown in Table 1 . This improvement, however, is most probably an artifact due to that the fitting protocol erroneously indicated a curving baseline as a very broad transition. Accordingly, the presence of either two or three transitions overall were assumed in the absence or presence of the pretransition, respectively. For consistency, the parameters for the pretransition are referred to as T 1 , ΔH 2S,1 and ΔH Rel,1 , while those for the first and second main transition components are referred to as T 2 , ΔH 2S,2 and ΔH Rel,2 and T 3, ΔH 2S, 3 and ΔH Rel,3 , respectively.
The resolved transition temperatures T 1 , T 2 and T 3 obtained from the multiple 2-state transition fits are plotted as a function of X PE for DMPC/DLPE bilayers in Fig. 4A . The T 1 plot indicates that the pretransition is present up to X PE of 0.38 -0.40, thus marking this value as a "critical" one. Other "critical" compositions are indicated by kinks at X PE of 0 .13, 0.21 and 0.32. The pretransition was abolished or became undetectable at X PE of 0 .20 for both DMPC/DMPE and DPPC/DMPE and ~ 0.25 for DSP/DMPE (Fig. 4B-D ) thus marking these compositions as "critical" ones as well. Interestingly, the χ 2 values of 2-and 3-component fits showed local minima and merger of the 2-and 3-component fits at or close to predicted critical compositions (see Fig. S4 of Supporting Information).
Relative enthalpy vs. composition plots
Figs. 5 and 6 show the relative enthalpies of the resolved pretransition (i =1) and the second main transition (i =3) components, i.e., ΔH Rel,1 and ΔH Rel,3 , respectively, vs. X PE for the different mixtures of saturated PC and PE. As ΔH Rel,2 = 100 − ΔH Rel,1 − ΔH Rel,3 , plots of ΔH Rel,2 are redundant and thus not shown. Since the resolved thermodynamics parameter vs. X PE plots indicated the presence of multiple overlapping peaks, Gaussian deconvolution was carried out. Among the resolved peaks only those (indicated by a red line) defined by more than two data points and of a reasonable width were considered relevant, while those (indicated by a black line) defined by one or two data points or unreasonably broad were rejected. The rejection of a broad deconvoluted peak was based on the criterion of FWHM of the resolved Gaussian Peak > X * PE (1−X * PE ), where FWHM denotes the full width half maximum and X * PE the adjacent critical PE composition predicted by the SL-model. 2 This "wide" peak rejection criterion, although somehow arbitrary, allowed us to take into account of the general trend of the greater separation between adjacent critical compositions with increasing PE.
In case of DMPC/DLPE bilayers, peaks at X PE of ~ 0.08 and 0.33 were observed in the ΔH Rel,1 plot (Fig. 5A ) and at ~ 0.2, 0.28, 0.4, 0.51 and 0.6 in the ΔH Rel,3 plot (Fig. 6A) . Several peaks in the ΔH Rel,1 and ΔH Rel,3 plots were also observed for the other PC/PE mixtures (Figs. 5 and 6) and are summarized in Table 2 . Beside the saturated systems, we also studied the DSPC/DEPE bilayers in which the acyl chains of PE have trans-double bonds. No pretransition was observed for this system and thus only the main transition was analyzed. The plot of the relative enthalpy ΔH Rel,3 showed peaks at X PE of ~0.21 and 0.25 ( Fig. S5 in Supporting Information).
Two-state transition enthalpy vs. composition plots
To obtain additional evidence on the presence of "critical" compositions we determined the two-state transition enthalpies (ΔH 2S,i ) of the resolved transitions and plotted them as a function of X PE . ΔH 2S,i is a measure of the cooperativity of a phase transition (see Materials and Methods and S1 of Supporting Information). Fig. 7 shows the 2-state enthalpy (ΔH 2S,1 ) of the pretransition vs. X PE for the different PC/PE mixtures. Clear peaks are observed in all mixtures except DPPC/DMPE. Some peaks are also observed in the ΔH 2S,2 and ΔH 2S,3 plots (Figs. 8 and 9 ). For the DSPC/DEPE system, peaks at ~ 0.17, 0.27 and (possibly) at 0.37 were observed in the ΔH 2S,3 vs. X PE plot (Fig. S5 in Supporting Information) . The X PE values of the indicated peaks are summarized in Table 2 .
We also determined the size of the cooperative unit, i.e., N C,i = ΔH 2S,i /ΔH i as a function of X PE for DMPC/DLPC bilayers. Sharp and prominent peaks were observed at ~ 0.33, 0.28 and 0.33 for the pretransition and the two main transition components, respectively (Fig. S6 in Supporting Information). Probable negative peaks were observed at ~ 0.2, 0.3, 0.4 and 0.5. See Discussion for the relevance of such negative peaks. All these compositions agree favorably with the critical compositions predicted by the SL-model. 2 
Correlation between the observed and the predicted "critical" compositions
In order to quantitatively evaluate the significance of Table 2 , a rigorous statistical analysis using binomial distribution 23 was performed (see Supporting Information). The analysis included eight predicted critical points within the range of X PE = 0.18 − 0.70, i.e. 0.200, 0.250, 0.286, 0.333, 0.400, 0.500, 0.600 and 0.667. This composition range includes 10% outside the smallest and largest critical values shown above. Values below X PE of 0.18 were excluded because the spacings between the predicted critical compositions are less that 2 mol% (twice the probable error of ~ 1 mole% in our sample composition) used in this study.
The X PE values above 0.677 were excluded because of only a few samples were in that composition range.
As shown in Table 2 , 47 critical compositions were observed experimentally at 0.18 < X PE < 0.7. Among these, 27 compositions deviated by less 1 mol% and 33 compositions by less than 2 mol% from the closest predicted critical composition. Statistical analysis based on the binomial distribution model 23 (see Supporting Information) showed that the probability that 27 observed critical values would lie within ± 1 mol % of eight predicted ones just by random chance is one out of 1.3 × 10 4 . In other words, it is highly unlikely that so many experimentally observed values would lie so close to the predicted ones simply by random chance. The concurrence of the experimental and predicted critical compositions is visualized in Fig. S7 of Supporting Information. Notably, this figure also shows that the observed critical compositions are more frequent and more closely spaced at low PE mole fractions, as predicted by the SL-model 2, 10, 19 . In conclusion, these statistical analyses strongly support the notion that multiple, SL-like arrangements of the component lipids are sequentially formed in PE/PC bilayers when the composition is varied.
DISCUSSION
The present study shows that the calorimetric behavior of binary PC/PE bilayers is complex, i.e. multiple transition components are detected. Beside the pre-transition, the main transition typically consists of two components ( Figs. 1 and 2 ). To account for this complex behavior, we employed a multiple 2-state transition model assuming the presence of independent transition components defined by unique set of thermodynamics parameters. Each i th component is characterized by the resolved transition temperature (T i ), relative enthalpy (ΔH Rel,i ) and 2-state transition enthalpy (ΔH 2s,i ). The multiple 2-state transition model represents a convenient way to analyze complex systems like PE/PC bilayers. While this model probably oversimplifies the situation by assuming that coexisting domains undergo the transition independently, models accounting for putative interdomain interactions are too complex to co be implemented here.
Our results indicate that some or all of the resolved thermodynamics parameters change abruptly at particular compositions. Intriguingly, these compositions typically agree closely to "critical" compositions predicted by the SL-model proposing that head group of the guest lipid tend to adopt regular lateral distribution with a rectangular, centered-rectangular and hexagonal symmetry in the host lipid lattice 2, 10, 19 . The SL-model states that when the mole fraction of the guest increases, (i) multiple superlattices with increasing guest density are formed sequentially and (ii) the bilayer area covered by a particular superlattice peaks at each critical composition. 2 Because lipid packing in superlattice domains is predicted and also indicated by MD simulations 24 to be tighter than in domains of random organization, the transition enthalpy and cooperativity in the former are expected be higher than in the latter. As shown in Table 2 , the observed maxima of ΔH 2s,i and/or ΔH Rel,i nearly always coincide within 1-2 mol% with predicted critical compositions. Statistical analysis (see Supplementing Information) indicated that the probability for fortuitous agreement between so many observed and predicted critical compositions is very low. Accordingly, the present calorimetric data provides strong support for that multiple different superlattices can be present in gel-state PC/PE bilayers.
Unlike the transition enthalpy, the size of the co-operative unit does not need to correlate with the mode of lateral organization (superlattice versus random). Tighter packing of the lipids in superlattice domains may reduce the bilayer curvature as compared to random domains of similar composition thus increasing the size of the cooperative unit. Alternatively, tighter packing in superlattice domains could also result in increased curvature, thus reducing the size of the cooperative unit as compared to random domains. Accordingly, depending on the ratio of the components in a particular superlattice and detail on the constituent molecules, the size of the cooperative unit could be higher, equal or smaller than that of random domains of similar composition. Thus the finding that the cooperativity vs. compositions plots (Fig. S6 in Supporting Information) appears to display both maxima and minima coinciding with predicted critical compositions is not unexpected.
Not all predicted critical compositions were observed in each PC/PE mixture. For instance, the critical X PE of 0.286 was observed only for the DMPC/DLPC mixture, while those at 0.25 and 0.33 were observed for several PC/PE mixtures ( Table 2 ). There could be several reasons for this. First, the stability of the predicted superlattices may vary significantly and thus those of lesser stability could pass unnoticed. The stability of a particular superlattice depends on the interactions between the component lipids, which could be highly sensitive to minor variations in structure. Notably, our previous analysis of calorimetric data published by others 25, 26 showed that the effect of cholesterol on the transition enthalpy of phospholipids is highly sensitive to the acyl chain length, as shown by the fact that the number of perturbed acyl chains in the second layer proximal to cholesterol increases from 1 to 9 when the acyl chain length decreases from 20 to 14 carbons. 27 Also the previous calorimetric studies on PC/PE bilayers have shown that the phase behavior is highly sensitive to the acyl chain length of the components. 11, 28 The critical X PE 's at 0.286, 0.40 and 0.600 are not predicted by the original SL-model assuming the presence of monomeric quest only. 2, 3, 19 However, they can be explained by assuming the formation of dimeric guest as shown in Fig. S7C in Supporting Information. The dimeric guest would be PE at X PE 's of 0.286 and 0.40 and PC at X PE of 0.60. The reasons for the presence of putative guest dimers are not obvious, but could relate to the intermolecular hydrogen bonding between PE molecules. 29 Such hydrogen bonding could stabilize dimeric PE guest directly and dimeric PC guest indirectly, i.e. formation of a hydrogen bonded network among PE hosts could promote dimerization of PC molecules. The indicated critical composition at X PE ~ 0.546 is neither predicted by the monomeric quest model nor attributable to the formation of guest dimers. We speculate that it might be due to the fusion of the enthalpic peaks deriving from superlattices with X PE of 0.50 and 0.60.
In this study the total amount of phospholipid per sample was fixed at 1 μmol. We realize that this may results in missing some minor and/or very broad transitions. However, since we were primarily interested in identifying abrupt changes in the thermodynamics parameters over a narrow composition range, we opted to maintain a constant total lipid concentration. A more relevant concern is the composition of multilamellar liposomes, i.e. their true composition could deviate from the nominal one due to errors in pipetting the lipid mixtures. However, we have no reason to doubt that the actual compositions would differ more that ± 1 mol % from the nominal ones because (1) extra care was taken when pipetting the samples using precision syringes (see Materials and Methods), (2) our previous tests 16 have shown that this accuracy can be achieved routinely and (3) T m vs. composition plots do not show obvious signs of significant errors in composition (scatter). Another concern is that some liposome preparations could be inhomogeneous, i.e. consisting of population of different compositions. Since we did not detect any significant or measurable transition due to pure PE or PC in the mixed samples, complete or extensive segregation of the component lipids to different liposome populations is unlikely. However, it is not possible to fully exclude partial segregation. This issue might be resolved by carrying out extensive imaging and spectroscopic studies, but these are beyond the scope of this study. Nevertheless, we think that heterogeneity of the liposomes cannot explain our results, since extra care was taken to prevent component segregation when preparing the liposomes (see Materials and Methods). Most importantly, it is difficult to see how liposomal heterogeneity would results in multiple, abrupt changes in thermodynamic parameters and why these would occur at or close to the critical composition predicted by the SL-model.
The formation of superlattices in PC/PE bilayers probably relates to the complementary shapes of PC and PE. The cross-sectional area of the highly hydrated head group of PC is larger than the cross-sectional area of its acyl chains, 30, 31 which results in crowding at the head group level. Inclusion of PE, which has a much smaller head group, relieves such crowding when mixed with PC. This "spacer effect" is obviously maximal when PE is evenly distributed in the PC matrix and thus drives the formation of SL-like arrangements. 2 The lack of significant hysteresis indicated by the similarity of the heating and cooling scans implies that the tendency to adopt SL-like lateral arrangements is maintained in the liquidcrystalline state as well. However, due to the diminished lateral packing in this state, the size and stability of superlattice domains are likely to significantly diminish. Existence of SLlike domains in liquid crystalline PC/PE bilayers is supported by previous fluorescence and FTIR data. [7] [8] [9] 32 Notably, while long-range order is unlikely to exist in the liquid-crystalline state, a high degree of local lateral order can exist as found previously for the smectic A′ phase. 5 We have previously proposed that superlattice formation could play a key role in the regulation of the composition of biological membranes 2, 3 . While most of the data supporting this idea comes from studies on model membranes, it is intriguing that the phospholipid compositions of the erythrocyte and platelet membranes from several mammalian species coincide remarkably well with the critical compositions predicted by the superlattice model 19 . Since calorimetry mainly provides information on the gel-state, it is not straightforward to project the present results on natural membranes, which are typically in the liquid-crystalline or liquid-order state. However, it seems feasible that the superlattice organization in the gel state is maintained above the phase transitions, i.e. in the liquid crystalline state, albeit over a shorter length scale. Supporting this, spectroscopic studies on liquid-crystalline PE/PC bilayers have revealed similar critical compositions as in the present study. [7] [8] [9] [10] It is also notable that some biological membranes or similar lipid assemblies could be in the gel (or similar) state at the physiological temperature. The best example is stratum corneum, the outermost layer of mammalian skin, in which the lipids are laterally highly ordered as shown by diffraction studies 33 . It seems likely that the lipids in stratum corneum adopt a SL-like lateral organization. It is also probable that rafts or similar liquid-order domains have a superlattice-like lateral organization of a short range.
Conclusions
In conclusion, this noninvasive DSC study provides evidence that the molecules in binary PC/PE bilayers tend to adopt regular, SL-like lateral arrangements, which could be involved in the regulation of the lipid compositions of biological membranes.
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